Aims Carbon (C) and nitrogen (N) stoichiometry contributes to understanding elemental compositions and coupled biogeochemical cycles in ecosystems. However, we know little about the temporal patterns of C:N stoichiometry during forest development. The goal of this study is to explore the temporal patterns of intraspecific and ecosystem components' variations in C:N stoichiometry and the scaling relationships between C and N at different successional stages.
INTRODUCTION
Organisms consist of carbon-containing organic molecules, which are combined with certain proportions of nucleic acids, lipids, proteins and carbohydrates, each of these fundamental substances has specific elemental requirement (Elser et al., 2000; Sterner and Elser, 2002) . This strict proportion of elements required by organisms makes biogeochemical cycles of multiple elements coupled from molecular to global scales (Elser et al., 2010; Finzi et al., 2011) . Carbon (C) and nitrogen (N) are two most important elements in constituting organisms, consequently C:N ratio is not only a critical indicator of elemental compositions of organisms and ecosystems, but also fundamental in understanding the coupled biogeochemical cycles in ecosystems (Hessen et al., 2004; Hungate et al., 2003; Luo et al., 2006; Sardans et al., 2012; . To comprehensively understand the coupled C and N cycles in terrestrial ecosystems, it is essential to explore variations in organism and ecosystem C:N stoichiometry across time.
On the time scale from decades to centuries, forest development provides an ideal age gradient for exploring the temporal variability of C:N stoichiometry in terrestrial ecosystems (Sterner and Elser, 2002; . Theoretically, with stand development and tree growth, N availability in soil may decline significantly due to N redistribution from the mineral soil to plants and litter (Gower et al., 1996; Luo et al., 2006) . Leaf N content may decrease in response to declines in soil N availability, leading to changes in leaf C:N ratio (Abdul-Hamid and Mencuccini, 2009; Räim et al., 2012) . While many empirical studies demonstrated that intraspecific leaf N did not vary significantly with stand age (e.g. Drake et al., 2010; Han, 2011; Hooker and Compton, 2003) . In a nitrogen addition experiments performed on a tropical forest, seven tree species' leaf N did not vary significantly with soil N availability, whereas their fine root N increased significantly with increasing soil N availability (Mo et al., 2015) . Additionally, leaves were found to exhibit a higher degree of stoichiometric homeostasis than stems and roots in some marsh woody plants (Minden and Kleyer, 2014 ). Therefore at the species level, we may expect that intraspecific leaf C:N ratio remains relatively stable along forest development, while C:N ratio in branch and fine root varies significantly with stand age.
With regard to ecosystem components, it has been demonstrated that when forest species composition did not experience significant shifts over time, the plant tissue C:N ratio increased significantly with stand age, while the C:N ratio in litter and mineral soil remained relatively constant across stand chronosequence (Compton et al., 2007; Hooker and Compton, 2003; Xu et al., 2016; . There was an isometric scaling relationship between C and N in litter and mineral soil (Xu et al., 2016; . However, changes in species composition can shape the variations in C and N stoichiometry of ecosystem components (Güsewell, 2004; He et al., 2006; McGroddy et al., 2004) . The fast-growing pioneer species and the slow-growing latesuccessional species can exhibit large differences in N concentration of leaves (Han et al., 2005; Reich and Oleksyn, 2004; Wright et al., 2004) , branches (Yao et al., 2015) and root (Hong et al., 2014) . Therefore, there is a clear need to study how the C:N stoichiometry and the scaling between C and N in ecosystem components vary with shifts in species composition during forest succession.
Temperate forest is the major forest type distributing in Northeast China, and there is still a large area of relatively undisturbed natural temperate forests in Changbai Mountain as the current distribution core area (He et al., 2002; Yu et al., 2013) . Temperate forests in Changbai Mountain are mainly composed of dominate conifer tree species Pinus koraiensis along with some broadleaf tree species (ca. 200 years) as the zonal climax vegetation. In the mid-20th century, forest logging took place in Changbai Mountain area and then naturally regenerated forests composed largely of broadleaf Betula platyphylla and Populus davidiana occurred following logging (Yang et al., 2010; Zhang et al., 2009) . The logging disturbance created a series of successional stage from early pioneer stage to the late climax stage (Xu et al., 2004) . The resulting chronosequence of natural temperate forests in Changbai Mountain provides a desirable opportunity for exploring the temporal patterns of C:N stoichiometry during forest development.
In this study, we determined C and N concentrations in tree organs (i.e. leaf, branch, fine root), fresh litter and mineral soil (0-10 cm) in a chronosequence of temperate forests in Changbai Mountain, northeastern China, to explore the temporal patterns of C:N stoichiometric variation at the scales of both tree species and ecosystem components during natural successional process. Our hypotheses were: (i) at the species level, intraspecific C:N ratios keep relatively stable in leaves while vary significantly in branches and fine roots in a chronosequence; (ii) for ecosystem components (i.e. leaf, branch, fresh litter and mineral soil in this study), the C:N ratios vary with shifts in species composition along forest succession; (iii) C concentrations scale isometrically with respect to N concentrations in all ecosystem components across time.
MATERIALS AND METHODS

Site description
The study site is located in Changbai mountain (41°42ʹN-42°25ʹN, 127°28ʹE-128°16ʹE), Jilin Province, northeastern China. The climate belongs to a temperate continental monsoon climate, characterized with the mean annual temperature of 3.3°C and the mean annual precipitation of 700 mm. The growing season occurs from June to September. The soil is dark brown forest soil, originated from volcanic ash and soil depth is about 20-100 cm (Dai et al., 2003; Shen et al., 2013) .
Along forest development, four age gradients were categorized into about 10-, 30-, 70-and 200-year old, respectively. Three plots of 20 m × 20 m for each age class (except agestage 1 with only two replicates available) were set up with the nearest distance between two plots of each age class about 3 km (Table 1 ). The terrain in the studied area is relatively flat, most plots have slope gradient close to 0°. Dominant species of the natural temperate conifer and broadleaf mixed forest include one evergreen conifer (Pinus koraiensis) and four deciduous broadleaf tree species (Tilia amurensis, Quercus mongolica, Fraxinus mandschurica and Acer mono), and the basal area of these species account for 70-94% of the total stand basal area aged ca. 200 years. The major pioneer species of secondary regenerated forests at early succession stage are two deciduous broadleaf tree species, i.e. Betula platyphylla and Populus davidiana, and the basal area of these two species and above mentioned five species account for 70-93% of the total stand basal area aged below ca. 70 years. The gap-phase tree species F. mandschurica generally regenerated in forest gaps, the shade-tolerant tree species P. koraiensis, T. amurensis, Q. mongolica and A. mono commonly regenerated under the canopy of secondary forests. Furthermore, few tree saplings of the dominant species occurred under the canopy of latesuccessional community. More information about species composition at each successional stage see Table 1 .
Sampling and chemical measurements
In summer (July to August) 2014, tree height and diameter at breast height (DBH) were measured for all trees with DBH ≥1 cm in each plot. Three to five individuals for each dominant species were selected and sampled in each plot. For canopy trees, south facing, newly matured leaves and branches were collected by an experienced tree climber. For understory trees, fully expanded leaves and branches from the upper and outer part of tree crowns were sampled. The fine roots (diameter ≤ 2 mm) of each selected individual were sampled through careful removal of the soil surrounding the roots. However, the coarse root and stem were not sampled because that sampling would injure trees and even lead to death of trees, especially for young trees. Totally 199 individuals of seven dominant tree species and 597 samples of leaves, branches and fine roots were collected (sample number for each species see online supplementary Table S1 ). Fresh litter (leaf litter only) was collected in autumn (early October) 2014, one sample per species per plot, totally 58 fresh litter was collected. Five per plot and totally 55 mineral soil samples at depth of 0-10 cm were collected randomly using a soil drill. All plant samples were ground with a mechanic grinder after oven dry for 72 h at 60°C (Cornelissen et al., 2003) . A Vario EL-III Universal CHN Elemental Analyzer (Elementar Analysensysteme, Hanau, Germany) was used to determine the C and N concentrations of all samples.
Statistical analysis
Analysis of variance (ANOVA) with Tukey's post hoc test of significance were used to determine significant differences of C:N ratios among plant organs, fresh litter and soil, among species over forest development. The coefficient of variation (CV) were calculated as the standard deviations divided by the means, to present the intraspecific variability in C:N ratios, and the organ-specific variability of C and N stoichiometry (He et al., 2006) . The significant differences of C:N ratios were also tested for each ecosystem component along forest development. The biomass C and N contents of each ecosystem component were calculated as the sum of all individual trees in each plot. For each tree, biomass of leaf and branch were calculated by their allometric equations (Chen and Guo, 1986; Xu et al., 1985) , and biomass C and N contents were estimated by their biomass multiplying the corresponding elemental concentrations. For the six deciduous broadleaf tree species, leaf litter was equal to leaf biomass that was calculated from its biomass allometric equation (Wang, 2006) . For the evergreen conifer P. koraiensis, needle litter was equal to the current year needle biomass that was calculated from biomass allometric equation of P. koraiensis (Wang, 2006) under the assumption that leaf biomass keeps relatively stable within short time. As biomass C and N contents of stem or coarse root were not sampled and calculated, ecosystem C and N contents were unable to be scaled up. In this study, we only showed the temporal patterns of C:N ratios in the four ecosystem components, i.e. leaf, branch, litter and soil.
Pearson correlation coefficients (r) were calculated to test whether C concentrations correlate with N concentrations in each ecosystem component or not. If C was found to be correlate positively with N in certain component, a biometric-scaling approach, log y = a + b (log x), where x is the N concentration (mg g −1 ), y is the C concentration (mg g −1 ), a is the intercept and b is the scaling slope, would be used to further test whether C concentrations scale isometrically with respect to N concentrations (Cleveland and Liptzin, 2007; McGroddy et al., 2004; Sterner et al., 2008) . The nutrient concentrations were log transformed because they tend to be logarithmically distributed (McGroddy et al., 2004; Wright et al., 2004) . If the slope b was not significantly different from 1.0 (i.e. the 95% of confidence interval of the slope covered 1.0), C concentrations scale isometrically with respect to N concentrations and therefore C:N ratios kept constant.
If b was smaller than 1.0, C concentrations increase slower than N concentrations, and consequently C:N ratios would be lower for higher values of C and N concentrations, and vice versa. When testing the null hypothesis that a slope equals some specific value in bivariate line fitting, the recommended procedures are major axis (MA) or standardized major axis (SMA) estimations rather than ordinary least squares regression (Warton et al., 2006) . Accordingly, the R package "smatr" version 3.2.6 (http://artax.karlin.mff.cuni. cz/r-help/library/smatr/html/00Index.html) was used to calculate SMA slopes and intercepts along with P values and confidence intervals. All statistical analyses were performed using R version 3.2.3 (R Core Team, 2015).
RESULTS
C:N stoichiometry in tree organs at the species level
For all tree species, N concentrations were the highest in leaves, followed by fine roots and the lowest in branches (see online supplementary Fig. S1a, Table S2 ), while C concentrations did not differ much among organs (see online supplementary Fig. S1b , Table S2 ). Consequently, C:N ratios among organs had the inverse patterns of N concentrations, indicating C:N ratios were mainly affected by N rather than C (see online supplementary Fig. S1 ). Significant differences in C:N ratios among tree species were found for all tree organs (see online supplementary Fig. S2 ). Along forest development, the ANOVA analysis revealed that intraspecific leaf C and N concentrations did not vary significantly (see online supplementary Table S2 ), and intraspecific leaf C:N ratios kept stable regardless of tree species (Fig. 1) . By contrast, intraspecific C, N concentrations and C:N ratios in branches and fine roots varied with tree species (Fig. 1 , see online supplementary Table S2 ). Intraspecific C:N ratios changed significantly either in branches (Fig. 1a, d, f and g ) or in fine roots (Fig. 1a, c,  d , e and g). Only P. davidiana did not exhibit significant changes in C, N concentrations and C:N ratios in all organs (Fig. 1b, see Figure 1: temporal patterns of C:N ratios in different tree organs at the species level along forest development. Species abbreviations of (a) Betula, (b) Populus, (c) Acer, (d) Fraxinus, (e) Pinus, (f) Quercus and (g) Tilia were the same as in Table 1 , different letters denote differences between means at a α = 0.05 level. For all species except Populus, intraspecific C:N ratios changed significantly either in branches or in fine roots, while C:N ratios in leaves did not differ among forest development stages. online supplementary Table S2 ). The variability analysis showed that variation coefficients were significantly lower in C:N ratios of leaves (CV from 2.1% to 2.8% with an average of 2.5%) than that of branches (CV from 1.9% to 17.8% with an average of 10.3%) and fine roots (CV from 4.4 % to 16.0% with an average of 10.9%) for all tree species (Fig. 2) .
C:N stoichiometry in ecosystem components
By pooling all data together, the variability was found to be lower in C (CV < 5%) than in N (CV > 20%) and C:N ratios (CV > 20%) for all tree organs (leaf, branch and fine root) and fresh litter (see online supplementary Fig. S3 ). In contrast, variability was much lower in C:N ratios (CV = 13.6%) than that in C (CV = 42.5%) and N (CV = 43.0%) in mineral soil (see online supplementary Fig. S3 ). C variability was lower in plant organs than in mineral soil. Leaf C:N ratios kept stable with an average of 21.4 ± 0.2 for stand aged below ca. 70 years, while increased significantly to 23.7 ± 1.4 for stand aged ca. 200 years (Fig. 3a) . C:N ratios did not varied significantly in both branches (67.9 ± 4.8) and fresh litter (53.5 ± 7.0) ( Fig. 3b and c) . The soil C:N ratios varied significantly but did not show a consistent pattern (Fig. 3d ).
Scaling C with respect to N
When plotting N against C in tree organs and fresh litter, the whole data set were apparently separated into the two sub-data sets: broadleaf (the six broadleaf species) and conifer (Pinus only; Fig. 4) , and then the two sub-data sets were analyzed separately. The Pearson correlation coefficients (r) between C concentrations and N concentrations for each ecosystem component showed that C positively correlated with N in leaves (Fig. 4a) and branches (Fig. 4b) of the broadleaf trees. Also, C positively correlated with N in branches of the conifer trees (Fig. 4b ) and in mineral soil (Fig. 4e) . For plant organs, the scaling relationships were significant only in leaf of broadleaf trees and branch of the conifer tree, but slopes were all significantly lower than 1.0 (see online supplementary Fig. S4a-c) . In contrast, for mineral soil, the scaling slope was not significantly different from 1.0 by pooling all data together (see online supplementary Fig.  S4d ). Within each age gradient, SMA test revealed that slopes in soil among four successional stages were equal (P = 0.22) with a common slope of 0.98 (not significantly different from 1.0, Fig. 5) . However, the scaling intercepts in soil differed significantly across the four successional stages (P < 0.01, Fig. 5 ). The average soil C:N ratio for all data calculated from the anti-log of the intercept of the regression equation was 12.0 (see online supplementary Fig. S4d) . Means of soil C:N ratios for each For tree organs and fresh litter, the whole data set were apparently separated into two sub-data set: broadleaf and conifer (Pinus only), therefore these two sub-data set were analysed separately. Positive correlationships between C and N were found in (a) leaf of broadleaf, (b) branch of broadleaf and Pinus, and (e) mineral soil. Ecosystem components with positive correlationships between carbon and nitrogen were found, while (c) fine root and (d) fresh litter were found to have negative or insignificant correlationships. successional stage calculated from their anti-log of the intercepts were 10.5, 12.6, 12.3 and 11.5 for development stage aged ca. 10, 30, 70 and 200 years, respectively, and they were almost identical with the values calculated from initial C:N ratios.
DISCUSSION
Higher stability of intraspecific C:N stoichiometry in leaves than branches and fine roots along forest development
Different tree organs (e.g. leaf, branch, fine root) should have different C:N ratios due to differentiation in their structures and functions. Consistent with this hypothesis, we found C:N ratios differed significantly among plant organs regardless of tree species (Fig. 1) . In this study, leaf was found to be N-richer than root and branch (see online supplementary Fig.  S1 ), which is agreed with previous findings (Kerkhoff et al., 2006; Li et al., 2010; Minden and Kleyer, 2014) .
Consistent with our hypothesis 1, both ANOVA and variability analysis revealed that intraspecific C:N ratios kept stable in leaves while varied significantly with both branches and roots across age sequence (Fig. 1) . In addition, variability in C:N ratios was significantly lower in leaves than in branches and fine roots (Fig. 2) . This indicates that leaf may have a higher C:N stoichiometric stability than branch and root, here we call this 'the asymmetrical stabilities'. Growth environment of each individual tree changes significantly along forest development, especially for those tree species that are regenerating under the canopy (Connell and Slatyer, 1977; Finegan, 1984) . C:N stoichiometry can reflect organisms' responses to the surroundings as it is the net outcome of many processes underlying physiological and biochemical adjustments (Agren and Weih, 2012; Hessen et al., 2004) . However, we found that leaf C:N ratios did not change intra-species for both pioneer and climax tree species. Similar with our results, Zhang et al. (2016) found that the leaf C:N ratios in a shrub kept stable along its age sequence from 5 to 39 years. The stable C:N ratios may be driven by the similar direction and proportional magnitude in C and N concentrations (Yang et al., 2014b; . Nevertheless, this could not be the case in tree leaves, because neither C nor N concentrations in leaves exhibited significant changes along forest development stages (see online supplementary Table S2 ).
This higher stability of C, N concentrations and C:N ratios in leaves may be related to their higher ability of stoichiometric regulation. Several researches have demonstrated that the strength of regulatory control over elemental stoichiometry is stronger in leaves than in stems or roots of woody seedlings (Garrish et al., 2010; Mo et al., 2015; Schreeg et al., 2014) . There are two possible mechanisms underlying this asymmetrical stability of C and N stoichiometry in different tree organs. On one hand, excess N uptake from soil could be more effectively stored in stems and roots than in leaves. As leaf life span is much shorter than those of stems or roots for perennial plants, excess N stored in leaves would be more vulnerable to loss from the plant by leaf abscission or herbivory than stored in stems or roots (Garrish et al., 2010) . On the other hand, the physiological constraint of leaf anabolism limits the element ratios to approach the optimal elemental ratios. The optimal ratio refers to a set of elemental proportions such that no element is limiting for growth. Any increase of an element, relative to these proportions, would not increase growth; while any decrease in an element would make that element limiting (Ågren, 2008) . We believed that the shorter longevity of leaves and the optimal elemental ratios for growth jointly contribute to the higher C:N stoichiometric stability in leaves.
The asymmetrical stabilities of C:N stoichiometry among tree organs should be considered as a N use strategy that is favorable for tree fitness. Trees grow in a world which has high resource heterogeneity, plenty of competitors and herbivores; they have to evolve a series of strategies to ensure the continuity of their genes. By keeping the leaf C:N ratios close to the optimal ratios for C gain, trees make the best use of N. By storing excessive N taken up from soil and C assimilated from leaves in wood and roots, trees obtain and maintain resources to the greatest extent. Our results also highlight the role of branches in C:N stoichiometric regulation of leaves, by showing that leaf C:N ratios of late-succession tree species kept stable along forest development, despite the increasing light intensity when they grow in upper canopy relative to light deficient understory.
Furthermore, the asymmetrical stabilities of elemental stoichiometry among organs may have critical implications in ecological study. The higher stability of C, N concentrations and C:N ratios in leaf may indicate that C:N stoichiometry in this organ is an intrinsic trait for a species, which could be used as a good agency in comparative ecology. While the variability of C:N stoichiometry in branches and roots may imply that their C:N stoichiometry could vary with changing environment, implying that the elemental stoichiometry in these organs could more effectively reflect the environmental variation compared to leaf. This inference has an important implication for ecological processes, particularly for nutrient availability and limitation. For example, in previous studies, N:P ratios in new leaves (i.e. recently produced, fully expanded leaves) were widely used to indicate relative nutrient availability to plants (Koerselman and Meuleman, 1996; McGroddy et al., 2004; Reich and Oleksyn, 2004) . However, later some researches proved that N:P ratios in stems and roots of woody species were more responsive indicators of soil nutrient availability than that in new foliage (Schreeg et al., 2014) . Although our study did not measure N:P ratios in tree organs, the regulation mechanism of the asymmetrical stabilities of C:N stoichiometry among tree organs, as analyzed above, should help to explain why elemental composition could be more responsive to soil nutrient availability in non-leaf organs than in leaves.
Temporal patterns of C:N ratios in ecosystem components
In line with our hypothesis 2, leaf C:N ratios increased significantly following shifts in species composition during forest development (Fig. 3a) . This previous studies have demonstrated that C:N ratio at the ecosystem level is mainly determined by plant species composition (He et al., 2006; McGroddy et al., 2004) . Significantly increased C:N ratio at stand aged ca. 200 years is accounted for shifts in dominant species from B. platyphylla and P. davidiana to P. koraiensis, which has much higher leaf C:N ratio than broadleaf, accounting for about 1/4 of the total leaf biomass for primitive old-growth forests in Changbai Mountain. Higher leaf C:N ratio at the ecosystem level may indicate higher N use efficiency at the late-successional stage along forest development. However, what is interesting may be that leaf C:N ratios kept stable at stands aged below 70 years, because these results imply that leaf C:N ratios are independent from the stand age with B. platyphylla and P. davidiana mixed forests. The results are consistent with some previous findings (Hooker and Compton, 2003; . The stability of leaf C:N ratios could be related with stoichiometric homeostasis in leaves, as mentioned above.
However, C:N ratios in branches and fresh litter did not change significantly along forest development (Fig. 3b) , which is inconsistent with our hypothesis 2. Branch performs crucial functions in transport and store carbohydrates and N (Fortunel et al., 2012; Reich et al., 2008) , and thus, plants would regulate N concentrations in branches according to growth status, leading to higher variability in N and consequently C:N ratios for branches than that for leaves. Plants also would reabsorb or reallocate N from leaves during leaf senescence (Aerts, 1996; Killingbeck, 1996) , but N resorption efficiency could be affected by environmental factors, such as temperature and precipitation (Yuan and Chen, 2009a,b) , and timing of abscission (Killingbeck et al., 1990; Niinemets and Tamm, 2005) . Therefore, N resorption efficiency would be greatly different among species and further caused high variability in C:N ratios in fresh litter (see online supplementary Fig. S3 ). The discrete distribution of C:N ratios in branches and fresh litter should at least statistically attribute to the relatively constant C:N ratios across age sequence.
Soil C:N ratios were found to vary along forest development and independent from species replacement (Fig. 3d) , which disagree with our hypothesis 2. Previous studies revealed various different temporal patterns of mineral soil C:N ratios, including increasing with stand age (Smal and Olszewska, 2008; Yang et al., 2014a) or without variation (Xu et al., 2016; . Our results are inconsistent with the previous findings as their age chronosequence was less than 100 years without species replacement. During forest development, ecosystem N content may keep constant but could redistribute from the mineral soil to plants and litter (Compton et al., 2007; Hooker and Compton, 2003) . Hence, soil N concentrations could decrease with rapid vegetation recovery before stand age of ca. 30 years, and then keep constant or increase after plant biomass reached its maximum.
However, C concentrations varied isometrically with N concentrations in mineral soil (Fig. 5) , the mechanism underlying variations in soil C:N ratios could be considerably complicated (see discussion below).
C scaled isometrically with N in soil rather than tree organs
No isometric C-N scaling relationships were found in plant organs or fresh litter as expected by our hypothesis 3 (Fig. 4,  see online supplementary Fig. S4 ). Based on C and N content (Mg ha −1 ), several analyses have shown that N scaled isometrically with respect to C in leaves (McGroddy et al., 2004; . Those results reflect that plant physiological N investment is independent of plant biomass . Our analysis of C-N scaling relationship were based on C and N concentration (mg g −1 ), therefore would reveal C-N relationship from another aspect. C concentrations were relatively constrained while N concentrations were more variable in plant organs and fresh litter (see online supplementary Fig.  S1 and S3), and consequently, the C:N ratio of these components primarily resulted from the variation in N rather than in C.
By contrast, C concentrations were found to scale isometrically with respect to N concentrations in mineral soil (Fig. 5 , see online supplementary Fig. S4 ), in accordance with the hypothesis 3. C-N scaling isometrically means that soil C accumulation is in proportion to accrual of soil N (Li et al., 2012; Xu et al., 2016; . Many field studies have been reported that temporal patterns of stock changes were similar between soil C and N following forest development, i.e. C and N stock both increased (Kirschbaum et al., 2008; Yermakov and Rothstein, 2006) , or both decreased (Alberti et al., 2008; Hooker and Compton, 2003) , or both negligible changed (Sartori et al., 2007) , or both initial decreased and then increased (Mao and Zeng, 2010; Zak et al., 1990) . The change direction of C and N stock may depend on preland use types, soil properties and forest regeneration types. However, regardless of the change direction, C and N in mineral soil tend to be covariant during forest development.
Previous studies have demonstrated that, the spatiotemporal scale of the observations could lead to inconsistent conclusions regarding the variability in C:N ratios (McGroddy et al., 2004; Sterner et al., 2008) . For instance, at the biome level, scaling slope of foliar C content and N content approximated 1.0; while within individual biomes, the slopes were not always equal 1.0 (McGroddy et al., 2004) . In this study, we found that the C-N scaling slopes did not significantly differ from 1.0 at both large (all data, see online supplementary Fig. S4 ) and small scale (within each stage, Fig. 5 ). Thus, for temperate forests in Changbai Mountain, soil C and N concentrations are consistent with the isometric scaling relationship regardless of temporal scale. Interestingly, though the C-N scaling slopes were identical along the chronosequence (Fig. 5) , C:N ratios varied significantly in mineral soil during forest development (Fig. 3) . This variation could be due to the differences of the C-N scaling intercepts in mineral soil, as have been shown by previous analyses (Kerkhoff et al., 2006; Xu et al., 2016; . For stands aged above 30 years, the higher intercepts resulted in higher soil C:N ratios, and this may be caused by the colonization of P. koraiensis during forest development.
Our study provides strong evidences that C and N remain coupled in mineral soil during forest development. Yet, the mechanisms controlling the coupled C and N in soil are not well understood. Soil C concentration is mainly determined by the input and decomposition of plant litter, while beside the plant litter, soil N concentration is furthermore affected by several unique input pathways, such as atmospheric N deposition, biological N fixation and mining of deep soil and bedrock (Holloway et al., 2001; Morford et al., 2011) . However, it is possible that in some ecosystems, both soil C and N are largely derived from humus formed after the degradation of dead organisms (Cleveland and Liptzin, 2007) , thus the coupled soil C and N could be contributed by the relatively constant C:N ratio in litter (He and Yu, 2016; . Nevertheless, more researches are needed in order to understand the mechanisms underlying the coupled C and N in soils.
CONCLUSIONS
Temporal patterns of C:N stoichiometric variation along forest development in temperate forest ecosystem showed that, leaf has a higher C:N stoichiometric stability than branch and fine root. This asymmetrical stabilities of C:N stoichiometry among tree organs should be considered as a N use strategy that is favorable for adaptability of tree species to changing environments. This also implies that the elemental stoichiometry in branches or roots could more effectively reflect environmental variation compared to leaves. Among the ecosystem components in terms of leaf, branch, litter and soil, shifts in species composition mainly affect C:N ratios in leaves but not other ecosystem components. Our results also demonstrated that C and N remain coupled in mineral soil but not in plant organs or fresh litter during forest development. There is a clear need to understand the mechanisms underlying the coupled C and N in soil.
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